In the central nervous system, astrocytes extend endfoot processes to ensheath synapses and microvessels. However, the mechanisms underlying this astrocytic process extension remain unclear. A limitation of the use of 2D cultured astrocytes for such studies is that they display a flat, epithelioid morphology, with no or very few processes, which is markedly different from the stellate morphology observed in vivo. In this study, we obtained 2D cultured astrocytes with a rich complexity of processes using differentiation of neurospheres in vitro. Using these process-bearing astrocytes, we showed that laminin, an extracellular matrix molecule abundant in perivascular sites, efficiently induced process formation and branching. Specifically, the numbers of the first-and second-order branch processes and the maximal process length of astrocytes were increased when cultured on laminin, compared with when they were cultured on poly-L-ornithine or type IV collagen. Knockdown of dystroglycan or a-syntrophin, constituent proteins of the dystrophin-glycoprotein complex that provides a link between laminin and the cytoskeleton, using small interference RNAs inhibited astrocyte process formation and branching, and down-regulated expression of the water channel aquaporin-4 (AQP4). Direct knockdown and a specific inhibitor of AQP4 also inhibited, whereas overexpression of AQP4 enhanced astrocyte process formation and branching. Knockdown of AQP4 decreased phosphorylation of focal adhesion kinase (FAK) that is critically implicated in actin remodeling. Collectively, these results indicate that the laminin-dystroglycan-a-syntrophin-AQP4 axis is important for process formation and branching of 2D cultured astrocytes.
Astrocytes are the most abundant cell type in the adult mammalian brain, and play many crucial roles in the brain. For example, there is increasing evidence that astrocytes provide structural, trophic, and metabolic support to neurons and regulate synaptic function. Anatomically, astrocytes are located between neurons and blood vessels in the brain. Astrocytes have multiple processes that interact with neurons, endothelial cells, pericytes, microglia, and astrocytes themselves. Astrocytes extend processes to synapses (perisynaptic processes), which ensheath synapses and regulate synaptic formation by releasing soluble factors that can increase synapse number (Ullian et al. 2004) , control synaptic transmission by the uptake of glutamate released from synapses (Allen 2014) , the release of gliotransmitters (Newman 2003) , and by limiting spillover of neurotransmitters into neighboring synapses (Oliet et al. 2004) , and control synaptic elimination (Chung et al. 2013) . In addition, astrocytes extend processes to the basement membrane of blood vessels (termed perivascular endfoot processes), which enwrap vascular walls, regulate the blood-brain barrier (Alvarez et al. 2013 ) and blood flow (Petzold and Murthy 2011) . Thus, the extension of astrocytic processes is critical for their specialized functions.
Characteristically, perivascular endfoot processes in the brain show concentrated and localized expression of several proteins, including the water channel aquaporin-4 (AQP4) (Nielsen et al. 1997 ) and the potassium channel Kir4.1 (Masaki et al. 2010) . The dystrophin-glycoprotein complex proteins, which are comprised of dystroglycan (DG), dystrophin Dp71,a-dystrobrevin, and a-syntrophin, provide a link between laminin and the cytoskeleton (IbraghimovBeskrovnaya et al. 1992) and are critical for the localization of AQP4 and Kir4.1 at the tips of perivascular endfoot processes in the brain (Neely et al. 2001; Amiry-Moghaddam et al. 2003; Connors et al. 2004; Nicchia et al. 2008) . DG is expressed in muscular and non-muscular tissues, and is finally cleaved into a-DG and b-DG. a-DG is an extracellular protein that binds to laminin and proteoglycans such as agrin in the basement membrane, whereas b-DG is a transmembrane protein that intracellularly binds to Dp71, which further links to a-syntrophin that anchors AQP4 and Kir4.1. Laminin is an extracellular matrix that is abundant in perivascular sites. Laminins form coiled-coil interactions of a, b, and c chains. There are 5 a, 3 b, and 3 c chains described so far, which give rise to 18 isoforms (Durbeej 2010) . Laminins-111 and -211 are astrocytic laminins, whereas laminins-411 and -511 are endothelial laminins in the basement membrane of brain microvessels (Sixt et al. 2001) . Previous studies have shown that laminin is critical for the localization of AQP4 at astrocytic endfoot processes. For example, the delocalization of AQP4 is observed in Large (myd) mice, in which the laminin-binding activity of a-DG is impaired because of defects in laminin O-glycosylation (Rurak et al. 2007) , and in laminin a2-knockout mice (Menezes et al. 2014) . In addition, delocalization of AQP4 was observed in Dp71-knockout mice (Nicchia et al. 2008 ) and a-syntrophin-knockout mice (Amiry-Moghaddam et al. 2003) .
Cultures of astrocytes are classically prepared from rodent neonatal brains according to the method developed by McCarthy and de Vellis (McCarthy and de Vellis 1980) . Using these 'MD-astrocytes' (Foo et al. 2011) , previous studies have revealed a range of signaling molecules that control the 2D morphological changes from flattened, polygonal astrocytes to process-bearing stellate cells, including dibutyryl cAMP (Lim et al. 1973) , 8Br-cGMP, atrial natriuretic peptide (Boran and Garcia 2007) , ATP (Neely et al. 2001) , interleukin-1b (John et al. 2004) , cytochalasin (Koyama and Baba 1994) , C3 transferase (Suidan et al. 1997) , and ROCK inhibitors (Abe and Misawa 2003) . In contrast, serum, lysophosphatidic acid, thrombin (Suidan et al. 1997) , and L-glutamate (Shao et al. 1994) can reverse 2D astrocyte morphology. However, the molecular mechanisms underlying process formation and branching during astrocytic differentiation remain largely unknown. This is likely because MD-astrocytes display a flat, epithelioid morphology with no or very few processes in 2D, which is markedly different from the stellate morphology observed in vivo.
In this study, to clarify the mechanisms of astrocyte process formation and branching, we utilized rich processbearing astrocytes developed in 2D by differentiation of neural stem cells (NSCs) and progenitor cells in neurospheres (non-adherent spherical clusters of NSCs and progenitor cells) (Reynolds and Weiss 1992) under serumfree culture conditions (Nakashima et al. 1999) . Using this 2D culture system, we examined the specific roles of laminin, DG, a-syntrophin, and AQP4, as well as the interaction of laminin with DG, in astrocyte process formation and branching during differentiation in vitro, and attempted to clarify the molecular mechanisms underlying the potentiating effects of AQP4 on process formation and branching.
Materials and methods

Antibodies
The following antibodies (Abs) were obtained from commercial sources: rabbit anti-AQP4 polyclonal Ab (pAb) (Sigma-Aldrich, St. Louis, MO, USA, Cat# HPA014784, RRID:AB_1844967), goat anti-b-DG pAb (Santa Cruz Biotechnology, Santa Cruz, CA, USA, Cat# sc-26539, RRID:AB_634712), rat anti-glial fibrillary acidic protein (GFAP) monoclonal Ab (mAb) (Thermo Fisher Scientific, Waltham, MA, USA, Cat# 13-0300, RRID:AB_2532994), mouse anti-a-syntrophin mAb (Santa Cruz Biotechnology, Cat# sc-166634, RRID:AB_2191927), mouse anti-MAP2 (Sigma-Aldrich, Cat# M4403, RRID:AB_477193), mouse anti-O4 mAb (R&D Systems, Minneapolis, MN, Cat# MAB1326, RRID:AB_357617), anti-S100b pAb (Abcam, Cambridge, UK, Cat# ab52642, RRID:AB_882426), anti-GLAST pAb (Miltenyi Biotech, Bergisch Gladbach, Germany, , RRID:AB_10829302), rabbit anti-ALDH1L1 pAb (Abcam, Cat# ab87117, RRID:AB_10712968), mouse antifocal adhesion kinase (FAK) mAb (BD Biosciences, San Jose, CA, USA, Cat# 610087, RRID:AB_397494), rabbit anti-p-FAK (Tyr397) pAb (Thermo Fisher Scientific, Cat# 44-624G, RRID: AB_2533701), and mouse anti-b-actin mAb (Sigma-Aldrich, Cat# A2228, RRID:AB_476697). Primary Abs were visualized using goat fluorochrome-conjugated AlexaFluor 405 (Thermo Fisher Scientific, Cat# A-31556, RRID:AB_221605), 488 (Thermo Fisher Scientific, Cat#A-21208, RRID:AB_141709), and 568 (Thermo Fisher Scientific, Cat#A-11036, RRID:AB_10563566, Cat#A-11077, RRID:AB_2534121) secondary Abs.
Plasmids and reagents
Plasmids encoding mouse AQP4 M1-IRES-EGFP and its control pIRES2-EGFP vector were kindly provided by Drs. Yasui and Abe (Keio University) (Miyazaki et al. 2013) . Alexa Fluor TM 555 Phalloidin (Cat# A34055) and ProLong TM Gold Antifade Mountant with 4',6-diamidino-2-phenylindole (DAPI) (Cat# P36935) were purchased from Thermo Fisher Scientific.
Animals
Postnatal (P) day 1 or 2 C57BL/6 mouse pups (n = 57, Japan SLC, Hamamatsu, Japan, RRID:IMSR_JAX:000664) were used for the preparation of neurospheres (n = 24) and MD-astrocyte cultures (n = 20). Pups were maintained with their mother mice in a single cage, and they were provided with a standard chow (CE-2, CLEA Inc. Japan, Tokyo, Japan) and water ad libitum under controlled conditions (12/12 h light/dark cycle, 55% humidity, 24 AE 1°C, and specific-pathogen-free conditions). All efforts were made to minimize the number of animals used. The animals were not randomized. No sample calculation was performed. The study was not preregistered. All animal experiments were approved by the Committee on the Ethics of Animal Experiments of Kobe University Graduate School of Medicine (Permit Number: P140605) and by the Animal Care Committee of Kobe Pharmaceutical University (Permit Numbers: 2015 -039, 2016 -018, 2017 .
Generation of neurospheres
Neurospheres were generated according to the protocol by Chojnacki and Weiss (Chojnacki and Weiss 2008) . In brief, pups were anesthetized by isoflurane, and the ganglionic eminence was isolated and dissociated mechanically. Dissociated cells were cultured in 20% Neurobasal Medium (Thermo Fisher Scientific, Cat# 21103049) and 80% a-Minimum Essential Medium (Nacalai tesque, Kyoto, Japan, Cat# 21444-05) supplemented with 0.4% B27 supplement (Thermo Fisher Scientific), 0.2% GlutaMAX (Thermo Fisher Scientific, Cat# 35050061), 100 ng/mL mouse recombinant epidermal growth factor (Wako Pure Chemical Industries, Osaka, Japan, Cat# 053-07751), and 62.5 lg/mL gentamicin (Wako, Cat# 078-06061). Epidermal growth factor was added every 3-4 days. When neurospheres had grown and formed a dark region in the center of the well, they were dissociated mechanically by moderate pipetting, and then split by seeding into new dishes at a 1:5 ratio.
Differentiation of NSCs into astrocytes
Mouse astrocyte cultures were prepared by differentiation of neurospheres prepared from P1-2 mouse pups, as described previously (Nakashima et al. 1999 
Immunofluorescence microscopy
Immunofluorescence microscopy was performed as described previously (Tawa et al. 2010 Carl Zeiss, Oberkochen, Germany) using 20 9 (Plan Apochromat, numerical aperture 0.8 DICIII) or 40 9 objective (Plan Apochromat, numerical aperture 1.4 oil DICIII) lenses (Carl Zeiss). Images captured on the LSM700 at 25°C were analyzed using ZEN acquisition software (Carl Zeiss).
Western blotting
Western blotting was performed as described previously (Tawa et al. 2010) . In brief, cultured astrocytes were lysed with RIPA buffer (50 mM Tris-HCl (pH 7.4), 1% NP-40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, 150 mM NaCl), supplemented with a protease inhibitor cocktail (Nacalai tesque, Cat# 04080-24) and a phosphatase inhibitor cocktail (Nacalai tesque, Cat# 07574-61). The cell lysates were centrifuged at 12 000 g at 4°C for 10 min. The supernatant was mixed with 6 9 Laemmli buffer and boiled, except for AQP4. The samples were subjected to sodium dodecyl sulfate polyacrylamide gel electrophoresis and transferred to polyvinylidene difluoride membranes. The membranes were blocked in Blocking One (Nacalai tesque, Cat# 03953-95), incubated with appropriate primary Abs, and then incubated with horseradish peroxidase-conjugated secondary Abs. The signals were visualized by incubation with ChemiLumi One Super (Nacalai tesque, Cat# 02230), and then detected using the Amersham Imager 600 (GE Healthcare Bioscience, Little Chalfont, UK).
Quantitative real-time reverse transcriptase PCR (qPCR) qPCR was performed as described previously (Horibe et al. 2016 Table S1 . Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used for normalization, and the comparative threshold method was used to determine the relative abundance of the targets.
Morphological analysis
Astrocytes were cultured on coverslips pre-coated with PLO, type IV collagen, mEHS-laminin, or human recombinant laminins (BioLamina). Astrocyte morphology was analyzed according to that reported by Eyermann et al. (Eyermann et al. 2012) . In brief, astrocytes were identified by anti-GFAP mAbs. Processes were visualized by phalloidin or GFAP staining, and their complexity was measured by Sholl analysis (ImageJ; NIH, Bethesda, MD, USA) using the following parameters: a set of 10 lm starting radii, 130 or 160 lm ending radius, and 10 lm step size, or a set of 8 lm starting radii, 156 or 176 lm ending radius, and 8 lm step size. Data are expressed as the mean number of intersections per radius. We also counted the numbers of the first-and second-order processes per cell, and the length of processes that were greater than or equal to the diameter of the cell body, using ImageJ software.
Cells that have at least one process and do not have contact with other cells were analyzed. No blinding was performed in this study.
Transfection
For small interference RNA (siRNA) experiments, dissociated neurospheres were transfected with Stealth RNAs targeted against DG, a-syntrophin, AQP4, or a non-silencing negative control (Invitrogen, Carlsbad, CA, USA) using Lipofectamine RNAiMAX (Thermo Fisher Scientific, Cat# 13778150), according to the manufacturer's instructions, and then plated onto coverslips and cultured. For plasmid experiments, dissociated neurospheres were transfected with plasmids by an electroporation method with Amaxa Nucleofector Kit (Lonza) according to the manufacturer's instructions, and then plated onto coverslips and cultured. HEK293 cells (RRID:CVCL_0045) were transfected with plasmids by using Lipofectamine â 3000 Reagent (Thermo Fisher Scientific, Cat# L3000015) according to the manufacturer's instructions.
Statistical analysis
All experiments were performed at least three times, and data are expressed as means AE standard errors of the means. Normality was assessed by Kolmogorov-Smirnov normality test. Differences between groups were analyzed with one-way ANOVA, followed by the Dunnett post hoc test when the groups were normal, or KruskalWallis H-test followed (IBM SPSS Statistics V22.0; IBM Corp, Armonk, NY, USA).
Results
Differentiation of NSCs into astrocytes in vitro
To investigate the molecular mechanism of endfoot process extension, we employed a method reported by Nakashima et al. (1999) to obtain cultured astrocytes with a rich complexity of processes (Fig. 1a) . We generated neurospheres from C57BL/6 mouse pups at P2. GFAP-immunopositive cells were obtained by differentiation of NSCs and/or progenitor cells by incubation with LIF and BMP-2 in the absence of serum. LIF and BMP signaling are reported to promote astrocytic lineage development (Gross et al. 1996; Johe et al. 1996) . Importantly, these cells showed a complex morphology with numerous GFAPimmunopositive processes, similar to astrocytes in the normal brain (Nakashima et al. 1999) . To assess the efficiency of the differentiation from NSCs into astrocytes, cell cultures were prepared from NSCs at 3 and 7 days in vitro (DIV), respectively, and subjected to immunocytochemistry with the indicated Abs. Approximately 80% of the cells were immunopositive for GFAP at 3 and 7 DIV (76.1 AE 4.6% at 3 DIV, 82.1 AE 2.3% at 7 DIV, Fig. 1b ). In addition, AQP4 was immunopositive in > 70% and approximately 90% of the cells at 3 and 7 DIV (73.9 AE 6.8% at 3 DIV, 89.7 AE 1.9% at 7 DIV, Fig. 1b) , respectively, whereas the calcium binding protein S100b and the glutamate transporter GLAST were immunopositive in 60-80% of the cells at 7 DIV (S100b, 76.6 AE 1.8%; GLAST, 61.55 AE 3.8%; Fig. 1b ). However, O4, an oligodendrocyte marker, and MAP2, a neuronal marker, were immunopositive in approximately 10% or less of the cells at all ages (O4, 11.2 AE 2.9% at 3 DIV, 5.3 AE 1.3% at 7 DIV; MAP2, 8.3 AE 1.9% at 3 DIV, 1.2 AE 0.5% at 7 DIV; Fig. 1b) . Thus, we successfully obtained enriched cultured astrocytes with complex processes using this simple protocol. In this study, astrocytes prepared using this method are referred to as NSCs-derived astrocytes (ND-astrocytes), to distinguish them from MD-astrocytes.
Characterization of ND-astrocytes
We compared the 2D morphology between ND-astrocytes and MD-astrocytes (Fig. 1c) . Consistent with numerous prior publications, MD-astrocytes developed from cerebral cortex and hippocampus displayed a flat, fibroblast-like morphology with intense F-actin staining, but showed a few, faint GFAPimmunopositive processes. In contrast, ND-astrocytes displayed relatively more complex morphology with more GFAP-immunopositive processes, but with much weaker F-actin staining, than MD-astrocytes. Thus, ND-astrocytes display a morphology more similar to astrocytes in vivo than MD-astrocytes. The astrocyte marker proteins GFAP, AQP4, and ALDH1L1 were expressed in both ND-astrocytes and MD-astrocytes, although the expression was lower in MDastrocytes than ND-astrocytes (Fig. 1d) .
Enhanced process formation and branching by laminin Laminin was previously reported to enhance process formation and branching of oligodendrocytes (Eyermann et al. 2012) . Therefore, we examined the effect of laminin on process formation and branching in differentiating NDastrocytes. Dissociated neurospheres were plated onto PLO-, type IV collagen-, or mEHS-laminin-coated coverslips with induction of astrocytic differentiation. The morphology of GFAP-immunopositive astrocytes was assessed at 24, 48, and 72 h after plating. Representative immunofluorescence images of F-actin and GFAP in ND-astrocytes are shown ( Fig. 2a and Figure S1 ). Sholl analysis revealed that process formation was highest on laminin-coated coverslips ( Fig. 2b-d) . Quantitative analysis showed that formation of the first-and second-order processes per cell was significantly increased at 72 h, and at 48 and 72 h, respectively, by laminin compared with PLO and collagen ( Fig. 2c-d) . The maximal process length was also significantly increased at 24 and 72 h by laminin, and at 72 h by collagen, compared with PLO ( Fig. 2b-d) . Thus, these results indicate that laminin enhances process formation and branching in differentiating ND-astrocytes. Next, we compared the effects of laminin isoforms on astrocyte process formation and branching. Overall, compared with PLO, process formation and branching in differentiating ND-astrocytes were enhanced by the various laminin isoforms, to an extent similar to that using mEHSlaminin ( Fig. 3a-d) . The effects of astrocytic laminins (laminins-111 and -211) were not so different from those of endothelial laminins (laminins-411 and -511). These data suggest that these different laminin isoforms have similar enhancement effects on astrocyte process formation and branching.
Roles of DG and a-syntrophin in astrocyte process formation and branching To uncover the mechanism by which laminin enhances astrocyte process formation and branching, we investigated the roles of DG and a-syntrophin in astrocyte process formation and branching using specific siRNAs against these genes. Compared with neurospheres, differentiation into astrocytes caused a small decrease, then a trend toward an increase, in DG mRNA expression (Dag1, Figure S2a ). In contrast, differentiation into astrocytes was associated with a significant increase in a-syntrophin mRNA expression at 48 and 72 h (Snta, 6.6 AE 0.5-fold at 48 h, 7.3 AE 1.4-fold at 72 h; n = 3; *p < 0.05, **p < 0.01 vs. 0 h; Figure S2b ). The mRNA expression of DG was markedly reduced in astrocytes by two siRNAs targeting different sites (DG siRNA #1, 0.23 AE 0.02-fold; DG siRNA #2; 0.38 AE 0.07-fold; n = 6; **p < 0.01 vs. control siRNA; Fig. 4a ).
Immunofluorescence microscopy and Sholl analysis revealed that there were no significant differences in process formation, formation of the first-and second-order processes, and the maximal process length between untreated and control siRNA-transfected astrocytes ( Figure S3 ). However, process formation was significantly impaired in DG-knockdown astrocytes compared with control siRNA-transfected cells (Fig. 4b and c) . In DG-knockdown astrocytes, formation of the second-order processes, but not the first-order processes, per cell was significantly impaired, and the maximal process length was significantly decreased, when grown on mEHSlaminin-coated coverslips, whereas there was no effect on formation of the first-order processes per cell (Fig. 4d-f) .
We also compared process formation and branching in asyntrophin-knockdown astrocytes with those in control siRNA-transfected cells. The mRNA expression of asyntrophin was markedly reduced in astrocytes by two siRNAs targeting different sites (a-Syn siRNA #1, 0.30 AE 0.02-fold; a-Syn siRNA #2; 0.18 AE 0.15-fold; n = 3; **p < 0.01 vs. control siRNA; Fig. 5a ). In asyntrophin-knockdown cells, process formation was significantly impaired on mEHS-laminin-coated coverslips ( Fig. 5b and c) . Formation of the second-order processes per cell was significantly impaired, and the maximal process length was significantly decreased, in a-syntrophin-knockdown cells (Fig. 5d-f) . Collectively, these results indicate that DG and a-syntrophin play critical roles in astrocyte process formation and branching. Role of AQP4 in process formation and branching To clarify the mechanisms by which DG and a-syntrophin control astrocyte process formation and branching, we analyzed AQP4 expression in DG-and a-syntrophin-knockdown cells. We found that the protein expression of AQP4 was decreased in DG-knockdown cells (DG siRNA #1, 0.78 AE 0.01-fold; DG siRNA #2; 0.64 AE 0.11-fold; n = 3; *p < 0.05 vs. control siRNA; Fig. 6a ). Immunofluorescence microscopy revealed that signals for AQP4 were significantly decreased in DG-knockdown astrocytes compared with control siRNA-transfected cells (Fig. 6b) . Similarly, the protein expression of AQP4 was decreased in a-syntrophin-knockdown cells (a-Syn siRNA #1, 0.53 AE 0.06-fold; a-Syn siRNA #2; 0.52 AE 0.08-fold; n = 3; **p < 0.01 vs. control siRNA; Fig. 6c ), accompanied by the decreased immunofluorescence signals for AQP4 (Fig. 6d) . These results indicate that DG and a-syntrophin regulate AQP4 expression. We then examined the effect of AQP4 knockdown on astrocyte process formation and branching. AQP4 mRNA expression was increased during differentiation into astrocytes (Aqp4, 6.1 AE 0.9-fold at 48 h, 16.8 AE 0.6-fold at 72 h; n = 3; *p < 0.05, **p < 0.01 vs. 0 h; Figure S2c ). The AQP4 mRNA expression was markedly reduced by AQP4 siRNAs (AQP4 siRNA #1, 0.20 AE 0.07-fold; AQP4 siRNA #2, 0.30 AE 0.19-fold; n = 4; *p < 0.05 vs. control siRNA; Fig. 7a ). Immunofluorescence microscopy showed a significant impairment in process formation in AQP4-knockdown astrocytes (Fig. 7b) , which was confirmed by Sholl analysis (Fig. 7c) . Consistently, formation of the second-order processes, but not the first-order processes, per cell was significantly impaired in AQP4-knockdown astrocytes grown on mEHS-laminin-coated coverslips, whereas the maximal process length was also significantly decreased ( Fig. 7d-f) . On the contrary, process formation was significantly enhanced by over-expression of AQP4 ( Fig. 8a and b) . Formation of the second-order processes, but not the first-order processes, per cell was significantly Effects of a-syntrophin-knockdown on numbers of first-order processes (d) and second-order processes extending from branch points (e), and the maximal process length (f), at 72 h after plating on mEHSlaminin-coated coverslips. Randomly chosen cells per condition with at least one process were analyzed (control siRNA, n = 32 cells; a-syntrophin (a-Syn) siRNA #1, n = 30 cells; a-Syn siRNA #2, n = 35 cells). *p < 0.05, **p < 0.01 versus control siRNA.
enhanced, and the maximal process length was significantly increased, in AQP4-over-expressing astrocytes (Fig. 8c-e) . Thus, these data indicate that AQP4 is involved in astrocyte process formation and branching.
Regulation of FAK phosphorylation by AQP4
To clarify the molecular mechanisms underlying the potentiating effects of AQP4 on process formation and branching, we lastly examined the effect of AQP4 knockdown on phosphorylation of FAK, a tyrosine kinase that is critically implicated in the dynamic regulation of cell adhesion structures linking to the actin cytoskeleton (Parsons et al. 2000) . We demonstrated using western blotting that p-FAK, but not total FAK, was decreased, and thus FAK phosphorylation as assessed by the p-FAK/FAK ratio was significantly decreased in AQP4-knockdown astrocytes compared with control siRNA-transfected astrocytes (AQP4 siRNA #1, 0.48 AE 0.08-fold; AQP4 siRNA #2, 0.44 AE 0.16-fold; n = 3; **p < 0.01 vs. control siRNA; Fig. 9a ). Immunofluorescence microscopy revealed that the immunofluorescence signals for phosphorylated FAK at the tips of the processes were decreased in AQP4-knockdown astrocytes compared with control siRNA-transfected astrocytes (Fig. 9b) . Collectively, these results indicate that AQP4 regulates FAK phosphorylation in astrocytes.
Discussion
In this study, we obtained 2D cultured astrocytes with a rich complexity of processes using a method reported by Nakashima et al. (1999) , in which LIF and BMP-2 synergistically induce differentiation of neuroepithelial cells into astrocytes. It was reported that the transcription factors STAT3 and Smad1, which are activated by LIF-and BMP-2-induced signaling, respectively, form a complex bridged by transcriptional coactivator p300, and that this ternary complex stimulates transcription of GFAP. In this protocol, astrocytes are cultured under serum-free conditions, allowing evaluation of astrocyte process outgrowth and formation. Immunopanning (Foo et al. 2011 ) and 3D cell culture and asyntrophin-knockdown astrocytes (d) at 72 h after plating on mEHS-laminin-coated coverslips, which were stained with AQP4 (red) and glial fibrillary acidic protein (GFAP) (green), and DAPI (blue).
system (Puschmann et al. 2013; Placone et al. 2015) approaches have also been used to obtain process-bearing astrocytes. Immunopanning can provide primary cultures of astrocytes grown under serum-free conditions (Foo et al. 2011) . Using this method, the gene expression profile in cultured astrocytes is similar to that of astrocytes in situ, but quite different from that in MD-astrocytes, which resemble reactive astrocytes (Foo et al. 2011 ). We have not yet examined the gene expression profile in ND-astrocytes.
Using astrocytes derived from immunopanning, growth factors such as heparin-binding epidermal growth factor, transforming growth factor-a, Wnt7a, fibroblast growth factors, and BMPs have been shown to promote process formation in vitro (Foo et al. 2011; Scholze et al. 2014) . Understanding the cell-intrinsic and extrinsic influences guiding process outgrowth and formation is of fundamental importance to the physiological and pathological roles of astrocytes in the brain, including the communication between astrocytes and neurons (Molofsky and Deneen 2015) .
Using ND-astrocytes, we found that laminin enhanced astrocytic process formation, particularly at the second-order rather the first-order processes, suggesting the mechanism of process formation may differ between process orders. The enhancement of astrocytic process outgrowth by laminin is similar to reports that laminin enhances neurite outgrowth (Luckenbill-Edds 1997) and oligodendrocytic process outgrowth (Eyermann et al. 2012) . In the brain, laminin is a major component of the extracellular matrices, in particular the basement membrane. Previous experiments have shown that lack of laminin causes several astrocyte abnormalities (Gnanaguru et al. 2013; Menezes et al. 2014) . Laminin is produced by a variety of cells including astrocytes and vascular endothelial cells: astrocytes mainly synthesize laminins-111 and -211, whereas vascular endothelial cells mainly synthesize laminins-411 and -511 (Sixt et al. 2001) . In this study, as laminin-111 is a major component of mEHSlaminin, endogenously secreted laminin-111 may be important in process outgrowth of ND-astrocytes. Further studies are required to confirm that laminin is endogenously secreted by ND-astrocytes and to clarify the role of the secreted laminin in process formation and branching. Two types of laminin receptor have been identified so far, the a-DG and the integrins a 3 b 1 , a 6 b 1 , a 7 b 1 , and a 6 b 4 . Inhibition of the interaction between DG and integrin a 1 b 1 by inhibitory Abs against DG and integrin a 1 b 1 causes a decrease in process extension in rat MD-astrocytes and in mouse astrocytes derived from DG-or b1-integrin-null ES cells (Peng et al. 2008) . As a-DG can bind to laminin-211 and proteoglycans such as agrin, these results indicate an important function of laminin and proteoglycans. Conditional deletion of DG and b1-integrin in astrocyte affects partial reactive gliosis (Robel et al. 2009; Menezes et al. 2014) , also suggesting key roles of laminin receptors in reactive gliosis. Therefore, the interactions between laminin and its receptors are likely critical for astrocytic morphology, not only in physiological changes during development, but also in pathological changes in adulthood observed in reactive gliosis.
DG plays an important role in neuronal migration during development of the central nervous system (Satz et al. 2010) and in neurite extension of PC12 cells (Hall et al. 2003) . In this study, we provide new evidence for critical roles of DG, a-syntrophin, and AQP4 in process formation and branching of astrocytes. Notably, knockdown of DG and a-syntrophin down-regulated AQP4 expression. Furthermore, knockdown of AQP4 decreased, whereas over-expression of AQP4 enhanced astrocyte process formation and branching. Thus, down-regulation of AQP4 expression is likely a mechanism by which knockdown of DG and a-syntrophin decreases astrocyte process formation and branching. Interestingly, a recent paper showed that knockdown of AQP4 decreased the total number of astrocyte processes in rat astrocytes, confirming a critical role of AQP4 in process formation (Di Benedetto et al. 2016) . However, the effects of knockdown of AQP4 on the morphology were different between mouse and rat/human astrocytes (Nicchia et al. 2005) . Knockdown of AQP4 did not affect significantly the morphology of mouse astrocytes, whereas it caused marked morphological changes from the flat and polygonal shape to the thin, elongated, and stellated shape in rat and human astrocytes. We have never examined astrocytes prepared by neurospheres isolated from rats using the same method as we did in this study. Therefore, it is impossible to say definitely, but the difference in terms of the action of knockdown of AQP4 between the results of the paper by Nicchia et al. and ours might result from the difference in experimental conditions including cell preparation method, culture media, cell density in culture, and evaluation method. Decreased AQP4 protein expression in DG-and a-syntrophin-knockdown cells was, at least in part, a result of decreased AQP4 mRNA expression and not because of the off-target effects (data not shown). Dystrophinglycoprotein complex was reported to activate nuclear factor-jB (NF-jB) in myocytes (Zhou et al. 2012) , whereas in addition to LIF-and BMP2-induced formation and activation of the STAT3-Smad1-p300 complex, inflammatory stimuli such as interleukin-1b can stimulate AQP4 mRNA transcription via activation of NF-jB in astrocytes (Ito et al. 2006) . Thus, NF-jB may be a candidate regulator of DG-and a-syntrophin-regulated AQP4 mRNA expression.
FAK has been implicated in an important downstream effector of AQPs. In bone marrow mesenchymal stem cells, over-expression of AQP1 increases, whereas knockdown of AQP1 decreases, FAK expression and activity, which are associated with cell motility (Meng et al. 2014) . Moreover, AQP3 regulates FAK phosphorylation in human esophageal and oral squamous cell carcinoma (Kusayama et al. 2011) . We showed here that AQP4 could regulate FAK phosphorylation in astrocytes, which is consistent with these previous results. Because previous research showed that AQP1 could interact with FAK in bone marrow mesenchymal stem cells (Meng et al. 2014) , we performed a co-immunoprecipitation assay to examine whether AQP4 could interact with FAK. However, AQP4 was not co-immunoprecipitated with FAK (data not shown). Although the molecular mechanisms by which AQP4 regulates FAK phosphorylation remain unclear, it was reported that FAK is involved in the activation of Rac1 and Cdc42 small GTPases, which are required for process formation in oligodendrocytes (Hoshina et al. 2007 ). Therefore, FAK, presumably via Rac1 and Cdc42 small GTPases, might be involved in actin remodeling during AQP4-mediated astrocytic process formation.
AQP water channels play a critical role in cell migration, including endothelial cells (Saadoun et al. 2005a) , astrocytes (Saadoun et al. 2005b) , kidney proximal tubule epithelial cells (Hara-Chikuma and Verkman 2006), and corneal epithelial cells (Levin and Verkman 2006) . AQPs also facilitate solute and water influx necessary for lamellipodial formation during cell migration (Amiry-Moghaddam et al. 2003) . In this study, we found a role for AQP4 in astrocytic process outgrowth. Nevertheless, previous in vivo studies reported that AQP4-knockout mice display normal perivascular astrocyte characteristics (Ma et al. 2008; Saadoun et al. 2009; Haj-Yasein et al. 2011) , in marked contrast to the reactive gliosis reported in DG-knockout mice (Menezes et al. 2014) . Thus, underlying mechanisms may differ between astrocytic process outgrowth observed in this study and astrocytic process thickening in reactive gliosis.
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Supporting information
Additional supporting information may be found online in the Supporting Information section at the end of the article. Figure S1 . Enhanced process formation and branching by laminin. Representative immunofluorescence images of phalloidin (F-actin, red), glial fibrillary acidic protein (GFAP) (green), and 4',6-diamidino-2-phenylindole, ihydrochloride (DAPI) (blue) in ND-astrocytes at 24, 48, and 72 h after plating on poly-L-ornithine (PLO)-, type IV collagen-, or mouse Engelbreth-Holm-Swarm (mEHS)-laminin-coated coverslips were shown. Figure S2 . Changes in mRNA levels of DG, a-syntrophin, and AQP4 during differentiation of neurospheres into astrocytes. DG (a, Dag1), a-syntrophin (b, Snta1), and AQP4 (c, Aqp4) mRNA levels in ND-astrocytes at 0, 24, 48, and 72 h after plating on mouse Engelbreth-Holm-Swarm (mEHS)-laminin-coated coverslips. n = 3 experiments; **p<0.01 versus 0 h. Figure S3 . No significant effects of control siRNA in astrocyte process formation and branching. Table S1 . Primer sequences.
